Background: Muscle flap reconstruction has become a mainstay of therapy following treatment of sternal wound complications; however, success depends on removing wound exudate and infectious material from the wound before reconstruction and closure. Importantly, time to closure is a key factor affecting morbidity/mortality and cost-to-treat for this wound type. Methods: A retrospective analysis of 30 patients who were treated for sternal wound complications between June 2015 and October 2017 was performed. After surgical debridement, group 1 patients (n = 15) received negative pressure wound therapy (NPWT) with instillation and dwell time (NPWTi-d), instilling 1/8-strength Dakin's solution with a 20-minute dwell time followed by 2 hours of NPWT (-125 mm Hg); group 2 patients (n = 15) were treated with wet-to-moist dressings soaked in 1/8-strength Dakin's solution. After muscle flap reconstruction and closure with sutures, group 1 patients received closed incision negative pressure therapy, and group 2 patients received Benzoin and wound closure strips. Data collected included time to closure, therapy duration, number of debridements/dressing changes, drain duration, and complications. Results: There was a significantly shorter time to closure (P < 0.0001) for group 1 when compared with group 2. In addition, there were fewer therapy days (P = 0.0041), fewer debridements/dressing changes (P = 0.0011), and shorter drain duration (P = 0.0001) for group 1 when compared with group 2. Conclusions: We describe a novel regimen consisting of adjunctive NPWTi-d, along with debridement and systemic antibiotics, followed by closed incision negative pressure therapy after muscle flap reconstruction and closure, to help manage preexisting sternal wounds that had failed to close following a previous cardiac procedure.
INTRODUCTION
Median sternotomy was first proposed over a century ago and replaced bilateral anterior thoracotomy after 1957 as the standard incision type utilized for cardiac surgeries.
1,2 Recent reports estimate that over 500,000 median sternotomies are performed in the United States each year as part of coronary artery bypass grafting (CABG) procedures, heart transplants, and other cardiothoracic procedures. 3 The vast majority of patients undergoing median sternotomy require coronary revascularization procedures and share comorbid conditions leading to coronary artery disease (eg, advanced age, obesity, and insulin-dependent diabetes), placing the patient at a higher risk for sternal wound infection (SWI). 4 Sternal wounds resulting from SWIs, which include superficial, deep, and organ/space infections, [4] [5] [6] can be classified into 4 types based on sternal stability and bone viability. 7, 8 SWIs can be an extremely lethal condition due to the proximity to multiple critical organs in the mediastinal space, with mortality rates of greater than 50% reported in some cases. [9] [10] [11] [12] [13] [14] [15] [16] Importantly, wound depth, sternal instability, and the infection type are all known to impact the treatment time and mortality rates associated with these wounds.
The foundation for managing SWIs is controlling the source of infection with antibiotics and debriding the wound; however, filling sternal defects with soft-tissue flaps (eg, omental or muscle flaps) and sternal stabilization (ie, surgical wire fixation or fixation of transverse plates) are also important treatment modalities before reconstruction, especially for wounds with deep infections. 8, [17] [18] [19] Following debridement(s), traditional treatment of infected sternal wounds has involved systemic antibiotics and intensive dressing care with antimicrobial wet-to-moist dressings or closed irrigation of the wound with antibiotic solutions. 8, 20 Negative pressure wound therapy (NPWT) has also been used as adjunctive therapy in assisting with sternal wound management, in part, by promoting granulation of the wound bed. 21, 22 Importantly, the early placement of muscle flaps has been reported to significantly reduce the length of stay in the hospital, length of stay in intensive care unit, recurrent infection rate, and mortality associated with deep SWIs. 8, 23, 24 In addition, the application of closed incision negative pressure therapy (ciNPT) after closure following pectoralis muscle flap procedures has been reported to reduce the number of intensive care unit days and the number of necessary revision surgeries when compared with conventional incision dressings only. 25 NPWT with instillation and dwell time (NPWTi-d) is a recent technological advancement to NPWT that includes the periodic instillation of a topical solution onto the wound bed, thereby utilizing both negative pressure and the instillation of topical wound solutions for wound cleansing and the removal of infectious materials. [26] [27] [28] [29] NPWTi-d has been reported as an effective adjunctive therapy for contaminated or infected wounds in open fractures, breast reconstruction, necrotizing fasciitis, upper and lower extremity wounds, ulcers, and other complex wounds. [30] [31] [32] [33] [34] [35] [36] However, there are no studies comparing NPWTi-d with other wound management modalities for sternal wounds.
In this study, NPWTi-d was retrospectively compared with standard wet-to-moist dressing changes as an adjunctive modality for managing sternal wounds resulting from sternal incision complications. The data compared between groups included demographic information, days to wound closure, total therapy days, the number of debridements, the number of dressing changes, drain duration, and complications.
PATIENTS AND METHODS
A retrospective assessment of 30 patients who were treated and underwent reconstructive surgery by a single surgeon for sternal wound complications between June 2015 and October 2017 at a large medical center in the Chicago Metropolitan Area was performed. Data were collected for the 30 most recent patients (15 patients who received NPWTi-d and 15 patients who received wet-tomoist dressings) during the aforementioned time period, excluding those with the presence of vascular grafts. The data collected for each patient included demographic information, days to wound closure, total therapy days, number of debridements, number of dressing changes, drain duration, and complications.
After collecting demographic information for each patient, the initial evaluation by Plastic Surgery included a thorough history and physical, which was directed to (1) the purpose and nature of the previous sternotomy; (2) the wound duration before the examination; and (3) graft harvest sites. The overall patient condition was evaluated, including assessing patient comorbidities that included obesity and dyslipidemia, glycemic status and diabetes, heart and vascular diseases, pulmonary disease, and smoking status. In addition, a careful assessment of antiplatelet and anticoagulant medications was performed to assess the bleeding risk and potential need for transfusion in a patient population that would be sensitive to changes in circulating oxygen levels. These medications were then discontinued if it was deemed safe by the cardiovascular team; otherwise, appropriate steps were taken to risk stratify these patients. Lastly, complete blood counts and metabolic panels were analyzed for each patient to assess surgical fitness and to aid in assessing complication risk.
Physical exploration of the wound, which was performed under general anesthesia for patients in both groups, included evaluation of wound characteristics: drainage, purulence, exposed foreign material (sutures, wires, fixation hardware), and sternal stability. When necessary, imaging was performed to determine the extent of the fluid collection and infectious bony involvement. In addition, wound cultures were obtained, and targeted antibiotic therapy based on culture and sensitivity was managed by Infectious Disease specialists. Patients in both groups received systemic antibiotics throughout the treatment to control infection, and intravenous (IV) antibiotics were continued for 6 weeks postreconstruction.
After the assessment, the wounds of patients in both groups were surgically debrided of all nonviable tissue including skin, fat, fascia, muscle, bone, and cartilage to healthy, punctate bleeding tissue. Electrocautery was judiciously used during debridement to help achieve hemostasis. Twenty-four hours after the initial debridement, patients in group 1 received NPWTi-d (V.A.C. VERAFLO Therapy; KCI, An Acelity Company, San Antonio, Tex.) using a reticulated open-cell foam dressing with through holes (ROCF-CC; V.A.C. VERAFLO CLEANSE CHOICE Dressing; KCI, An Acelity Company) following the initial debridement (Fig. 1 ). Wounds were instilled with 1/8-strength Dakin's solution every 2 hours with a 20-minute dwell time, followed by negative pressure at ˗125 mm Hg. The pericardium was intact for all patients in this study, and there was no free flow of instillation solution into the thoracic cavity. NPWTi-d was also not employed if vascular grafts were present, even though the vascular grafts were not directly exposed. Wounds of patients in the group 1 were evaluated for the presence of nonvi-able tissue and the development of granulation tissue every 72 hours when changing the ROCF-CC dressing. Patients in group 2 received wet-to-moist dressings soaked in 1/8-strength Dakin's solution, which were changed every 6 hours. The wounds of patients in group 2 were evaluated daily at the bedside for the presence of nonviable tissue and the development of granulation tissue. For patients in both groups, wounds that failed to progress at evaluation or had persistent culture growth underwent subsequent debridement until the wound was free from infection.
Once wounds were deemed appropriate for closure, a pectoralis major muscle flap reconstruction was performed for patients in both groups. The criteria for closure were the same in both groups: (1) negative for infection, as assessed by clinical and laboratory evaluation; (2) presence of granulation tissue formation; and (3) absence of nonviable tissue. Briefly, bilateral advancement or transposition muscle flaps were raised in an avascular plane off the anterior chest wall ( Fig. 2A) . The muscle was released from its costal attachments as dissection was continued laterally only as far as necessary to advance the muscle medially to cover the sternal wound. When necessary, a Doppler probe was used to assess the viability of the thoracoacromial vascular pedicle. Once the muscle flap was adequately elevated, a minimal subcutaneous release was performed (Fig. 2B) . Care was taken to preserve the anterior pectoralis muscle fascia since the fascial layer proved critical at the time of repairing the flaps-the fascia tissue was thicker and held sutures more reliably than muscle alone. Subcutaneous dissection was performed only so much as to advance the muscle medially to cover the wound. Once bilateral muscle flaps were elevated and advanced toward each other, 2 closed suction (19 Fr) channel drains were placed in the subpectoral plane bilaterally of each patient in both groups, and the muscle flaps were repaired to each other at the midline using sturdy interrupted monofilament sutures fastened in an inverted figure of 8 fashion (Fig. 2C ). Skin and subcutaneous tissue were freshened and repaired centrally with absorbable monofilament sutures.
For patients in group 2, Benzoin and wound closure strips were applied over closed incisions, and the incisions were evaluated after 1 and 2 weeks. Dressings were discontinued after 2 weeks if they had not been discontinued before that point. Patients in group 1 received ciNPT (PREVENA Incision Management System using CUS-TOMIZABLE Dressing; KCI, An Acelity Company) for a duration of 5-7 days (Fig. 3) . Drains placed in patients from both groups remained for a minimum of 5 days and were removed when less than 30 mL per 24-hour period for 2 consecutive days was being collected.
Statistical Analysis
Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, N.C.) software. Continuous variables were presented as the mean and SD, and categorical data were presented as number and percent. t Tests or Wilcoxon tests were used for comparing continuous measures between groups, whereas chi-square or Fisher's exact tests were used for comparisons of categorical measures between groups. Statistical significance was determined at an alpha of 0.05.
RESULTS
During the study period, a total of 30 patients underwent muscle flap reconstruction for preexisting sternal wounds that had failed to close following a previous cardiac procedure. Each group comprised 15 patients, all of which had undergone a previous CABG procedure. In addition, all patients in both groups had the left internal mammary artery harvested. Overall, the mean age of the patients in this study was 70.0 ± 7.4 years, and the mean Fig. 1 . application of nPWti-d using ROcF-cc dressing. a contact layer of the ROcF-cc dressing containing 10-mm circular holes was placed onto the wounds of patients in group 1 immediately following surgical debridement (a). cover layers of the ROcF-cc dressing were then placed over the contact layer (B), and nPWti-d was applied (c).
body mass index (BMI) was 31.5 ± 4.7 kg/m 2 . There were no significant differences in patient age, BMI, or sex when comparing the 2 groups (Table 1 ). There was also no statistical difference between groups in the duration of the sternal wounds before reconstruction, with the overall duration of the wound being 7.9 ± 4.5 weeks (Table 1) , and all wounds from both groups were positive for bacterial cultures. Lastly, patients in both groups displayed various comorbidities, including hypertension, coronary artery disease, hyperlipidemia, and diabetes mellitus; however, there were no significant differences in either the number of overall comorbidities or the number of specific comorbidities when comparing the groups (Table 1) .
When comparing the 2 groups, there was a significantly shorter time to primary wound closure for group 1 when compared with group 2 (P < 0.0001; Fig. 4A ). The mean time to primary wound closure for the group 1 was 7.9 ± 2.3 days with a median of 8 days, whereas patients in group 2 required 13.9 ± 3.2 days to primary wound closure with a median of 15 days. Furthermore, 75% of the patients in group 1 could be closed within 9 days, and the remaining NPWTi-d-treated patients were closed within 12 days (Fig. 4B) . In contrast, at least 16 days were required until primary closure of 75% of patients in group 2, and 20 days were required until all patients in group 2 underwent primary closure (Fig. 4B) .
In addition to time to primary closure, the number of therapy days was also compared between groups. There were significantly fewer therapy days for patients in group 1 when compared with patients in group 2 (P = 0.0041; Table 2 ). The mean number of therapy days for group 1 was 5.4 ± 2.1 with a median of 6 days, whereas group 2 required 8.4 ± 2.9 days of therapy with a median of 8 days ( Table 2) .
The total number of excisional debridements and dressing changes were also compared between the 2 groups-dressing changes were performed at the time of surgical debridements. There were significantly fewer surgical debridements and dressing changes for patients in group 1 when compared with patients in group 2 (P = 0.0011; Table 3 ). The mean number of debridements for patients in group 1 was 1.8 ± 0.7 with a median of 2, whereas patients in group 2 required 3.1 ± 1.0 debridements with a median of 3 (Table 3) . Furthermore, most patients in Fig. 3 . application of cinPt dressing. cinPt was applied over a closed sternal incision of a patient from group 1. cinPt was applied for 5-7 days before removal. group 2 required 3-4 debridements, whereas only 2 patients in group 1 received 3 surgical debridements and none received more than 3 (Table 3) .
Lastly, drain duration was compared between group 1, which received ciNPT over the closed incision, and group 2, which had wound closure strips placed over the closed incision. There was a significantly shorter drain duration for patients in group 1 when compared with patients in group 2 (P = 0.0001; Fig. 5A ). The mean drain duration for group 1 was 15.0 ± 2.0 days with a median of 14 days, whereas the mean drain duration for group 2 was 21.7 ± 3.9 days with a median of 22 days (Fig. 5A) . In group 1, 75% of patients underwent drain removal by day 16, and the remaining patients in group 1 had drains removed by day 21 (Fig. 5B) . In group 2, 75% of patients underwent drain removal by day 24 and all patients had drains removed by day 28 (Fig. 5B ).
There were 3 patients with complications (ie, seromas) in group 2 and no complications in the group 1 patients; however, the difference in complications between groups was not statistically significant (P = 0.2241). For patients in both groups, all incisions remained healed at the 90-day follow-up visit.
DISCUSSION
Although muscle flap reconstruction of sternal wounds has become a mainstay of therapy, it is critical for wounds to be rendered free of infection as expeditiously as possible before flap reconstruction. The results from this study indicate that NPWTi-d favorably affects time to closure when compared with wet-to-moist dressings. Our results also indicate that NPWTi-d positively affects the number of debridements/dressing changes and the number of therapy days when compared with wet-tomoist dressings. Lastly, the results of this study indicate that NPWTi-d followed by ciNPT favorably affects drain duration for sternal wound reconstructions when compared with wet-to-moist dressings followed by application of wound closure strips. This novel approach to adjunctively manage preexisting sternal wounds that had failed to close following a previous cardiac procedure, in conjunction with debridement, ultimately reduced the time to provide a clean wound bed and allowed for expedited flap reconstruction.
Early plastic surgery referral and effective flap reconstruction for deep SWIs have shown the benefit of reduced ventilator dependence, chronic infection, tracheostomy, development of pressure sores, wound dehiscence, mortality, and hospital length of stay. 24, 37, 38 In fact, the odds of chronic wound infections have been reported to increase 1.2 times per day for each day of delay from the diagnosis of infection to flap closure. 38 A previous study has demonstrated good results with radical wound excision and immediate flap reconstruction of deep SWIs; however, flap closure complications and recurrent wound infection remained at 18.8% and 6.5%, respectively. 23 In the current study, patients in group 1 (ie, NPWTi-d) had a reduced time to closure of 7 days on average when compared with group 2 (ie, wet-to-moist dressings), and there were no infections observed in this study. These results suggest that additional studies assessing the benefits of NPWTi-d on early flap closure for patients with recurrent sternal wounds are warranted.
This retrospective study was the first to compare the effectiveness of NPWTi-d with a conventional therapeutic regimen for helping to manage sternal wounds, although there is a previous case report describing NPWTi-d as a temporizing technique before sternal closure to help manage mediastinitis caused by Mycoplasma hominis. 39 There are several differences between our NPWTi-d protocol (1, 24) and the protocol from the previous case report, including differences in topical antiseptic solutions, foam dressings, dwell times, and cycle times. Nonetheless, patients in group 1 (ie, NPWTi-d) of our study had a 1.75-fold shorter time-to-closure and significantly fewer debridements/ dressing changes when compared with conventional dressings. These results are similar to results from 2 previous studies assessing other types of nonhealing surgical wounds. First, Gabriel et al. 30 reported a reduced time to closure for various nonhealing surgical wound types when managed with NPWTi-d versus standard moist wound-care therapy. Second, Kim et al. 27 reported a reduced number of debridements and a reduced time to closure for various types of wounds when managed with NPWTi-d versus NPWT.
Clinical studies have shown that NPWTi-d can help remove bioburden through repeated cleansing cycles. This clinical benefit is supported by studies in a porcine wound model, which demonstrated that NPWTi-d may provide more effective wound cleansing and causes less edema when compared with lavage cleansing. 42 NPWT itself provides mechanical forces that cause tissue strain, draw the wound edges together, and reduce the overall wound area, 43 which have been shown to promote perfusion, reduce infectious materials, reduce edema, and lead to granulation tissue formation. 44, 45 Preclinical studies have also shown that NPWT using ROCF enhances cell viability, cell migration, and intracellular metabolism when compared with NPWT using gauze. 46, 47 Thus, the selection of the underlying dressing used with NPWT can also potentially impact wound outcomes. In this study, patients treated with NPWTi-d had a significantly lower number of surgical debridements, suggesting that this therapeutic regimen may have helped with wound cleansing or removal of debris. In addition, we speculate that the ROCF-CC dressing and intermittent instillation may have allowed for better contact between the topical antimicrobial solution and the wound surface than could be achieved with the dressings soaked in antimicrobial solution.
The pectoralis major muscle advancement technique in this study was selected primarily because the technique takes advantage of the dominant vascular supply from the thoracoacromial system to the pedicle, which provides reliable circulation in most cases. In addition, the advancement technique also maintains the pectoralis muscle humeral insertion and, thereby, reduces arm and shoulder donor morbidity. An alternative muscle turnover technique involves a complete subcutaneous dissection laterally and release of the humeral insertion of the pectoralis major muscle. However, this technique requires a division of the thoracoacromial pedicle and basing the flap on its medial segmental perforating vessels. Therefore, care must be taken to maintain intercostal vascular supply to ensure flap viability. In addition, the majority of sternal wound reconstructions occur in the setting of CABGs, 3 in which the internal mammary arteries have been harvested for grafting. Harvest of the internal mammary arteries may make a turnover flap considerably less reliable as the segmental vessels will not have a robust originating vascular pedicle.
Another important finding from this study was that patients treated with NPWTi-d followed by ciNPT (group 1) had a significantly shorter drain duration than patients in the group 2. These data support a previous study by Gabriel et al. 48 in patients treated with ciNPT on closed incisions after postmastectomy breast reconstructions, whereby the estimated drain duration was similar to those reported for group 1 in our study. 48 Based on the results from our study, we cannot distinguish the individual effect that either NPWTi-d or ciNPT had on drain duration from this study; however, it is possible that a cleaner wound with potentially less edema may lead to less serous fluid formation, thereby reducing drain duration and seroma potential.
In summary, optimal wound preparation allows for rigid sternal fixation and early flap reconstruction. This study was limited in that it included a relatively small sample size and was a retrospective study with the potential for selection bias and other known disadvantages of this study type. In addition, the exclusion of patients with vascular grafts from both groups could have introduced selection bias into the study. Nonetheless, NPWTi-d or NPWTi-d+ciNPT could become a more effective alternative for the management of sternal wound reconstructions. Considering that time to closure is a key factor affecting morbidity, the costto-treat, and mortality rate from SWIs, the data from this study suggest that prospective, randomized, controlled studies are needed to determine whether NPWTi-d expedites the time to closure and improves clinical outcomes for this wound type, especially in patients with an elevated risk for recurrent deep SWIs.
CONCLUSIONS
This retrospective comparative study between NPWTi-d and conventional dressings showed that NPWTi-d reduced the time to wound closure, the number of therapy days, and the number of debridements/dressing changes for muscle flap reconstruction of preexisting sternal wounds that had failed to close following a previous cardiac procedure. In addition, this study showed that NPWTi-d followed by closure and application of ciNPT reduced drain duration in closed sternal wounds when compared with conventional dressings followed by closure and application of wound closure strips.
